The objective of this work was to evaluate the potential use of less stiff materials based on acrylic copolymers of methyl methacrylate/2-ethylhexyl acrylate (MMA/EHA) as devices to correct, stabilize and improve the effect of poly(methyl methacrylate) (PMMA) intracorneal ring segments. MMA/EHA and PMMA intracorneal ring segments were surgically implanted in the corneas of Lohmann Classic hens. The effects of the intracorneal ring segments were assessed by optical measurements and corneal tolerance was evaluated through biomicroscopic examination over a 90-day observation period and by conventional histology. The experimental results demonstrated that the intracorneal ring segments made of MMA/EHA copolymers provided a significant change in the corneal curvature and an improved in vivo response compared to those obtained for PMMA rings, which was attributed to the higher flexibility of the copolymeric materials, indicating that these systems might be considered suitable as an alternative to those currently used, for application in clinical practice.
Introduction
Corneal ectatic diseases include a group of corneal disorders characterized by a progressive corneal thinning and steepening with irregular increase in the corneal refractive power. Keratoconus is the most common corneal ectatic disease, although progressive structural corneal deformation similar to keratoconus may also occur surgically induced after laser in situ keratomileusis (LA-SIK) [1, 2] . At present, there are several options to treat corneal ectatic diseases before a corneal transplant. A surgical alternative method to stabilize or delay the progression of the ectatic disease involves the implantation of intracorneal ring segments [3] [4] [5] . According to the postulates of Barraquer [6] and Blavatskaya [7] , the intracorneal ring segments implanted in the corneal stroma lead to a flattening on the corneal surface. Furthermore, the intracorneal ring segments tend to preserve corneal asphericity with obvious contribution to better visual outcome [8, 9] and also, this surgery presents the advantage of reshaping the cornea without removing tissue and maintaining untouched the central cornea.
Currently, there are three models of intracorneal ring segments with different technical specification: Intacs prescription inserts (Addition Technologies, Inc., Fremont, CA, USA); intracorneal ring segments originally designed by Paulo Ferrara, Ferrara Ring Segment (Ferrara e Hijos SL, Valladolid, Spain) and Keraring (Mediphacos Inc., Belo Horizonte, Brazil); and Bisantis segments (Opticon 2000 SpA and Soleko SpA, Rome, Italy). These types are made from poly(methyl methacrylate) (PMMA). Previous studies reported the good optical and mechanical properties of PMMA segments, with acceptable biocompatibility and clinical tolerance [10, 11] . However, this is a rigid and hard material that differs from the composition of the cornea; it shows different clinical and histological complications and its stability is difficult to predict [12, 13] . Several studies of PMMA intracorneal rings described an extracellular intrastromal deposit in the lamellar channel around the implant [14] and a decrease of the keratocyte density anterior to the implant [15] as common clinical and histological findings respectively. Therefore, in this paper we assessed the potential use of hydrophobic acrylic copolymers as a new material for intracorneal rings based on the fact that these copolymers present a high longterm biostability and might be more biocompatible than PMMA, and it has been verified that the flexibility of the macromolecular chains could be precisely controlled. The substitution of PMMA by another more flexible material will bring benefits regarding the in vivo response of these intracorneal rings. Likewise, the orthopedic function of these segments might be extended.
The aim of the present study was to evaluate the outcome and the potential role of implanting methyl methacrylate/2-ethylhexyl acrylate (MMA/EHA) copolymers as an implant to correct, stabilize and improve the effect of PMMA intracorneal rings.
Materials and methods

Materials
The monomers methyl methacrylate (MMA) and 2-ethylhexyl acrylate (EHA) were purchased from Sigma-Aldrich and used after successive extractions with aqueous NaOH solution (5%) and distilled water. Azobisisobutyronitrile (AIBN) (Merck) was recrystallized from methanol (m.p. 104°C). Thermanox Ò (TMX) control discs (Labclinics S.L.) and fetal bovine serum (FBS) (Gibco) were used as received for in vitro and biological assays. Tissue culture media, additives, trypsin, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were all purchased from Sigma.
Preparation and characterization of MMA/EHA copolymers
High conversion copolymers from monomer MMA/EHA feed compositions of 95:5, 90:10 and 85:15 wt.% were obtained by bulk radical polymerization using AIBN (0.5 wt.% with respect to monomers) as a free radical initiator. 1 ml of the monomer mixture was introduced in Teflon cylinder moulds of 19 mm of diameter to obtain discs of 3 mm thickness. The reaction medium was saturated with N 2 atmosphere for 15 min and then the tube was capped and heated at 60°C. The reaction was allowed to proceed for 46 h. The polymerized samples were extracted from the moulds and submitted to a post-curing at 70°C for 48 h to complete polymerization. PMMA samples were obtained under the same reaction conditions and tested as control.
Copolymer composition and residual monomer content were determined from the proton nuclear magnetic resonance ( 1 H NMR) spectra obtained in an INOVA-300 spectrophotometer. The spectra were recorded in deuterated chloroform (10 w/v) at 25°C. Tetramethylsilane (TMS) was used as internal standard. Refractive index was measured with an Abbe refractometer (ZEISS 133988) at 589 nm (line D from sodium lamp). Measures were taken from wet specimens. Glass transition temperatures (T g ) were measured by differential scanning calorimetry (DSC) with a Perkin Elmer DSC7 interfaced to a thermal analysis data system TAC 7/DX. The dry samples (15-20 mg) were placed in aluminium pans and heated from À20 to 150°C at a constant rate of 20°C min À1 . T g was taken as the midpoint of the heat capacity transition. A Vickers indentor attached to a Leitz microhardness tester was used to carry out microindentation measurements. Experiments were undertaken at room temperature. A contact load of 0.98 N and a contact time of 25 s were used. Microhardness (H v ) values were calculated according to the following relationship:
where p is the contact load (N), and d is the diagonal length of the projected indentation area (mm 2 ).
Swelling of copolymers was attained from discs (19 mm in diameter and 3 mm thickness) conditioned in phosphate buffered solution (PBS) (pH 7.4) at 37°C until they reached equilibrium. Hydration degree (H%) was calculated as the percentage of the relationship between the weight of water uptake at equilibrium and the initial weight of the dry disc. In all the experiments a minimum of three samples was measured and averaged. Static contact angles were measured on copolymer surface discs by using a contact angle measuring system G10 (Krüss) by the sessile drop technique and employing liquids with known surface tension: water, c l = 72.8 mN m À2 and methylene iodide, c l = 51.8 mN m
À2
, where c l refers to the total surface free energy of the liquid. A minimum of 10 drops were applied on each sample. The surface free energy of the copolymers (c s ) was calculated by the Fowkes [16] and Owens [17] method according to the following equations: The biological response to the materials was tested with human fibroblasts. The culture medium was Dulbecco's modified Eagle's medium enriched with 4500 mg l À1 of glucose (DMEM, Sigma)
supplemented with 10% foetal bovine serum, 200 mM L-glutamine, 100 units ml À1 penicillin and 100 lg ml À1 streptomycin, modified with HEPES. The culture medium was changed at selected time intervals with care to cause little disturbance to culture conditions. Thermanox Ò (TMX) was used as a negative control and a 1% v/v Triton X-100 solution in culture medium was used as a positive control. Discs of the copolymers of 14 mm diameter and 3 mm thickness were used. All specimens were UV sterilized for 2 h on each side.
MTT assay
Discs of copolymers and TMX were set up in 5 ml of DMEM. They were placed on a roller mixer at 37°C and the medium was removed at different time periods (6 h, 1, 2, 3 and 7 days) and replaced with another 5 ml of fresh medium. All the extracts were obtained under sterile conditions. Cells were seeded at a density of 8 Â 10 4 cells ml À1 in complete medium in a sterile 96-well culture plate and incubated to confluency. After 24 h of incubation the medium was replaced with the corresponding extracts. Also a Triton X-100 solution of 1% v/v in culture medium, used as a positive control, was prepared. After that, plates were incubated at 37°C in humidified air with 5% CO 2 for 24 h. A solution of MTT was prepared in warm PBS (0.5 mg ml
À1
) and the plates were incubated at 37°C for 4 h. Excess medium and MTT were removed and DMSO was added to all wells in order to dissolve the MTT taken up by the cells. This was mixed for 10 min and the absorbance was measured with a Biotek ELX808IU detector using a test wavelength of 570 nm and a reference wavelength of 630 nm. The cell viability was calculated from equation:
where OD S , OD B and OD C are the optical density of formazan production for the sample, blank (DMEM without cells) and control (TMX), respectively. Analysis of variance (ANOVA) of the results for copolymers was performed with respect to TMX at p < 0.05 of significance level. ; Rompun, Bayer, AG, Leverkusen, Germany) followed by topical application of 0.5% tetracaine chlohydrate and 1 mg of oxybuprocaine (Colircusí Anestésico Doble, Alconcusí, SA, Barcelona, Spain). Intracorneal rings implantation was performed in both eyes (PMMA n = 16, MMA/EHA 95:5 n = 12, MMA/EHA 90:10 n = 12). At 30 and 90 days animals were euthanized by an overdose of pentobarbital while the animal was under general anesthesia.
Intracorneal rings
Ferrara ring segments made of PMMA were used as control. Copolymers of MMA/EHA in two molar ratios 95:5 and 90:10 were tested in these experiments. All intracorneal ring segments (PMMA and MMA/EHA copolymers) had the same shape and size: triangular cross-section, 0.15 mm of thickness, arc length of 90°, inner diameter of 4.4 mm and outer diameter of 5.6 mm.
Surgical procedure
The surgical planning was made according to the mechanical method provided by Ferrara [18] . The surgical procedure was carried out under general anesthesia. All the operations were performed by an experienced surgeon (L.I.F.). A circular Ferrara marker, previously dyed in sterile gentian violet pen, centred where the microscopy light is reflected on the cornea, was used to create three concentric circles on the cornea of 3, 5 and 7 mm. The corneal thickness was measured at the incision site with ultrasonic pachymetry (Sonogage, Cleveland, OH, USA). Using an adjustable Ferrara diamond blade knife the incision was created nasally on the horizontal meridian, between the 5 and 7 marked circles, at 80% of the corneal thickness. Then, a corneal bag was made using the Suarez spreader to facilitate the beginning of the tunnel preparation. The Ferrara spatula, modified for the hen cornea (diameter 5 mm), was inserted in the bag and a circular tunnel was formed in the stroma in the clockwise direction. The PMMA and MMA-EHA segments were implanted into the tunnel, maintaining a distance from the incision of approximately 1 mm. In this study only one segment was implanted in each eye.
Clinical course
Biomicroscopic examinations of the cornea and the anterior segment were performed in all eyes before and after intracorneal rings implantation with a surgical microscope (Takagi OM-5, Nakano, Japan). To evaluate complications such as edema, haze and deposits the animals were observed at 7, 14, 30, 60 and 90 days after surgery. Corneal thickness was assessed with ultrasound pachymetry (Sonogage, Cleveland, OH, USA).
Optical measurements: keratometry and refractive state
The effects of the intracorneal ring treatment were assessed by measurements of corneal curvature and refractive state. Measurements of the corneal radius of curvature were obtained using a custom-built infrared photokeratometer as previously described [19] . The measurements were performed as described by Garcia de la Cera [20] . Corneal curvature was expressed as dioptric power using the value of 1.373 for the refractive index of the cornea [21] . Measurements of the peripheral radii of curvature were also attempted; however the bad quality of the reflections prevented us from obtaining consistent results. The refractive state was evaluated with an automated eccentric infrared photorefractor [19] . The most hyperopic value at which the retinal reflex was reversed was taken to be the resting refraction [22] . Post-operative corneal curvature and refractive state measurements were taken at 30 and 90 days. Measurements were done with the animals awake and under natural viewing conditions.
Biophysics measurements: direct transmittance
Direct transmittance is the measurement of light that the cornea allows to pass through it in the same direction. These measurements were taken by a device developed by our group [23] immediately after euthanasia at 30 and 90 days. The magnitude of direct transmittance for red wavelength (R = 632.8 nm) was analysed.
Tissue processing and light microscopy
The processed corneas were fixed with buffered 10% formalin for 24 h, washed in 0.1 M phosphate buffered solution and embedded in paraffin wax. The eyes were processed at the same times. Sections were stained with hematoxylin-eosin (H-E). The sections were examined under an Axiophot light microscope (Zeiss, Oberkochen, Germany) and microphotographs were obtained with a SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI, USA).
Immunofluorescence
An anti a-smooth muscle actin (a-SMA) monoclonal antibody (Dako Corp., Carpinteria, CA, USA) was used to detect myofibroblasts, and a secondary antibody Texas red goat antimouse IgG (Molecular Probes) was also utilized. Nuclei were stained with DAPI (Molecular Probes). Sections were examined under an Axiophot fluorescence incorporated microscope (Zeiss, Oberkochen, Germany) and photomicrographs were captured with the SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI, USA).
Statistical analysis
A comparison of confidence intervals was used to determine the statistical significance of change between time points. The differences in keratometric and refractive values were evaluated by comparing confidence intervals (95%). Results are presented as mean ± standard deviation. The level of statistical significance was set at p < 0.05.
Results
Preparation of copolymeric systems
Three different MMA/EHA copolymers corresponding to feed compositions of 5, 10 and 15 wt.% of EHA respectively, were obtained by high conversion copolymerization reaction. Copolymer composition was analysed by the corresponding 1 H NMR spectra.
The integrated intensity of the signal assigned to -OCH 2 -(3.64 d) protons of the 2-ethylhexyl acrylate unit was compared with that of the signal at 3.55 d ascribed to the -OCH 3 -protons of the methyl methacrylate unit. In all cases the copolymer composition approached that of the monomer feed as expected for high conversion reactions (see Table 1 ). Residual monomer content was also determined from the 1 H NMR spectra considering both monomeric species. The signals at 6.38 d ascribed to CH 2 @CH protons of EHA and at 5.55 d ascribed to the CH 2 @C protons of MMA were compared with copolymeric signals at 3.64 d of EHA unit and 3.55 d of MMA unit. Values of residual monomer were around 1 wt.% in all cases. Optical, thermal and mechanical properties of the copolymeric materials were also analysed along with those of pristine PMMA obtained under the same reaction conditions (Table 1) . Optical properties of copolymers remained unaltered with respect to PMMA for amounts of EHA lower than 10 wt.%, and a slight decrease in the refractive index was observed for a higher acrylate content. Glass transition temperature decreased linearly (R = 0.994) with the content of EHA, reaching values close to 70°C for the copolymer with the highest EHA content. Accordingly, microhardness of copolymeric materials decreased linearly (R = 0.990) with the acrylate content. All the copolymers presented a significantly lower microhardness compared to PMMA, presenting a value close to 80 MPa for the copolymer richest in the acrylate. For comparison purposes, dehydrated corneas of gallus domesticus was also measured giving a value of 101.3 ± 1.55 which was not significantly different from that presented by the MMA/ EHA 90/10 copolymer (98.4 ± 1.26). Wettability was studied through water sorption and surface properties. Results are shown in Table 2 . Hydration degree slightly decreased with the content of EHA in the copolymer. No significant differences were found between water content of the copolymer containing 5 wt.% EHA compared to that of PMMA, but water content was statistically lower for copolymers having higher amounts of EHA. Water contact angle of copolymers increased with the amount of acrylate and consequently, surface energy of solid (c s ) showed the opposite trend; however, the change was considered negligible for contents lower than 10 wt.% EHA and it became more apparent for the copolymer richest in EHA, in which the decrease of c s was mainly at expense of that of the polar component.
In vitro biocompatibility
MTT results manifested absence of cytotoxicity due to lixiviates or extracts of the different copolymer discs, indicating that the materials did not release any harmful substance for the cells. Results of the high cellular viability measured in the presence of the corresponding lixiviates are presented in Fig. 1. 
In vivo biocompatibility
The Ferrara ring segments are made of PMMA and are characterized by a triangular cross-section that induces a prismatic effect on the cornea. Intracorneal segments of MMA/EHA copolymers prepared with feeds of 95:5 and 90:10 were performed using the same design as those of commercial Ferrara segments, by applying micro mechanized techniques. PMMA Ferrara intracorneal segments were also implanted and analysed for comparison purposes.
Clinical evaluation
All intracorneal segments were successfully implanted in all eyes. No surgical complications such as anterior chamber perforation or superficial implantation occurred. No further complications such as extrusion or migration were observed. After intracorneal rings implantation light corneal stromal edema around the incision site and the stromal channel, where the segments were placed, was observed between 7 and 14 days postoperatively, which subsided spontaneously over time in both groups, PMMA and MMA/EHA (95:5 and 90:10). Also, at 14 days the corneal thickness recovered its normal value. Corneal haze was observed around the incision site and the stromal channel in the first 30 days post-operative (grade 0-1 in Fantes's scale) and it decreased at 90 days in both groups. Approximately after 14 days, peri-annelar deposits appeared around the segments. The intrastromal deposits, which were small and opaque deposits, were observed at the edges of the ring. These deposits remained visible over time (Fig. 2) . No significant differences in the clinical evaluation between PMMA and the MMA/EHA (95:5 and 90:10) copolymers were found throughout the follow-up.
Corneal radius of curvature and refractive error
Quantitative changes in corneal radius of curvature are presented in Table 3 Peripheral radii of curvature were not collected due to difficulties in obtaining peripheral measurements. In some cases where it was possible to measure them, a peripheral flattening was also observed preserving its asphericity (e.g. peripheral radii of curvature changed from 3.79 mm to 3.83 mm after 90 days of implanting a PMMA intracorneal ring, and changed from 3.70 mm to 3.76 mm after 90 days of implanting a MMA/EHA 90:10).
Changes of refractive state throughout the experience are shown in Table 4 . Before intracorneal rings implantation, all the hens exhibited moderate hyperopic errors. The preoperative mean refractive error was 3.64 ± 0.59 D, ranging from +2.38 to +5.20. The intracorneal ring procedures produced a significant difference in post-operative refractive state in PMMA and MMA/EHA groups compared with preoperative values. At the last follow-up, PMMA group presented an average of 2.52 ± 0.85 D (p = 0.0008) more hyperopic than its preoperative magnitude. MMA/EHA groups also showed a significant change, MMA/EHA 95:5 group of 2.04 ± 0.7 D 
Histological findings after intracorneal ring implantation
Conventional histology showed a triangular shaped channel where the ring was located. This triangle had sharp angles in PMMA intracorneal rings and blunt angles in those of MMA/EHA. Epithelial hypoplasia was observed over the segment in each sample. Descemet's membrane and endothelium appeared without change, and no breaks in the Bowman layer were observed. In both cases, we had not observed inflammatory cells around the channel, foreign-body granulomas or neovascularization.
In the lateral edges of the ring, a region of increased cellular density was noted in both groups, PMMA and MMA/EHA (95:5 and 90:10); in this region the samples stained positively with a-SMA, indicating the presence of myofibroblasts. This hypercellularity decreased in the lateral edges of the segment and there were some SMA-positive cells at 90 days. In the PMMA group, a decrease of cells over the segment in the anterior stroma was observed. In addition, the myofibroblast and cellular distribution in the lateral edges of the segment made the rings turn in clockwise direction. However, in the MMA/EHA groups, cellular variation in the anterior stroma was observed in a lesser extension and practically there was no rotation of the segment (Figs. 3 and 4) .
Discussion
Intracorneal ring segments which were proposed originally for the correction of low degrees of myopia [24] have been recently investigated as an additive surgical procedure to treat patients with ectatic corneal diseases [3, 4, 13] . This additive method presents the advantages of being a safe, efficient and reversible surgery [25] [26] [27] . Various types of intracorneal rings and implants made from different materials (e.g., PMMA and hydrogels) have been investigated to test their biocompatibility [10, 28, 29] . Currently, intracorneal ring segments are manufactured from PMMA, since different in vivo biocompatibility studies have showed a low rejection rate and acceptable predictability [11, 30] . However, other studies described intrastromal deposits in the lamellar channel around the ring [14, 31] and a decrease of the keratocyte density above and below the ring [15] as common clinical and histological findings, respectively. Also, anterior stromal aseptic necrosis, infiltrative keratitis or stromal thinning was reported [32] [33] [34] . Likewise, the pressure generated inside the stroma after 
Table 3
Corneal radius of curvature (mean ± SD, mm) at different periods of time.
Groups/ treatment
Sample number (n) Pre-op Post (30 days) Post (90 days) PMMA 6 3.74 ± 0.05 3.88 ± 0.10 3.87 ± 0.09 MMA-EHA 95:5 6 3.63 ± 0.04 3.74 ± 0.07 3.74 ± 0.05 MMA-EHA 90: 10 6 3.59 ± 0.03 3.79 ± 0.03 3.78 ± 0.05 Table 4 Refractive state (mean ± SD, D) at different periods of time.
Pre-op Post (30 days) Post (90 days) the PMMA ring implantation may move the segment in direction to the incision propitiating its rotation, migration or extrusion [13] . Therefore, the search for more flexible and permeable materials might improve the biocompatibility and tolerance of these segments. The approach of this work has been the preparation of materials of varying flexibility to overcome the problems associated with the rigidity of the PMMA segments. Thus, acrylic copolymers of MMA with controlled proportions of an acrylate having a long side chain, e.g. 2-ethylhexyl acrylate, were obtained by bulk reaction. Copolymer composition analysis showed contents of EHA lower than 15 wt.%, and in all cases, composition of the copolymer approached that of the feed due to the high conversion reaction. The microstructure of copolymers depends on the values of reactivity ratios of the monomeric species. It is known that in the copolymerization of n-alkyl acrylates (e.g. n = 4-18) with methyl methacrylate, the reactivity of the acrylate is one order of magnitude lower than that of the methacrylate [35, 36] . The difference in the reactivities of the monomeric species has important effects mainly on the distribution of comonomeric sequences along the macromolecular chains. There is an exponential increase of the concentration of acrylate homotriads with the content of acrylate in the copolymer and the effect is cumulative as the conversion of monomers to copolymer chains increases [37] . Taking into consideration that copolymers prepared in this work contain proportions of the acrylate inferior to 15 wt.%, the 2-ethylhexyl acrylate units will be predominantly distributed in acrylate centred hetero or alternating triads, giving materials with a microstructure consisting of a homogeneous distribution of the comonomeric units more than to the segregation of the acrylate units in microdomains. The purity of the copolymers was analysed by NMR spectroscopy, showing contents of residual monomers in the order of 1 wt.% which are within the limit admitted for intracorneal ring segments [38, 39] . In fact, when the copolymers were immersed in culture medium, and the extracts lixiviated to the medium were added to cell cultures, the cellular viability observed in the presence of extracts of copolymers was even higher than that observed in the presence of extracts of the control, indicating that no cytotoxic residues for the cells were eluted from the materials.
The determination of the glass transition temperature (T g ) of a polymer or copolymer provides accurate information about the relative flexibility of the system. PMMA is a rather rigid material with a T g of 110°C whereas poly(2-ethylhexyl acrylate) (PEHA) is a soft material with a T g as low as À50°C [40] ; what this means is that at ambient temperature, the PEHA presents characteristics similar to those of rubbers. The T g values of the MMA/EHA copolymers were between those of homopolymers. Moreover, a linear decrease of T g with the weight fraction of EHA in the copolymer was observed (R = 0.994), indicating an additive contribution of both comonomeric units in the copolymer. Flexibility of the copolymeric materials was manifested mainly in copolymers containing 10-15 wt.% EHA, for which the T g lowered in approximately 30-40°C with respect to pristine PMMA. Stiffness of PMMA Ferrara rings is considered to be the cause of some biological complications. Stiffness of the copolymers was analysed through microhardness (H v ) measurements, and results indicated that all copolymers were less rigid than PMMA, showing a linear decreasing pattern with the content of acrylate (R = 0.990). Also in this parameter, the improved flexibility was apparent for copolymers containing 10-15 wt.% EHA, which presented values of H v approximately 30-50 MPa lower than that of PMMA. Moreover, it was found that the copolymer with 10 wt.% EHA possessed a microhardness similar to that of the dehydrated cornea of gallus domesticus analysed under the same conditions, which means that this copolymer seems to be the most appropriate to substitute PMMA and therefore to be tested in further experiments.
Wettability is important in the interactions of the material with the biological medium. Wettability of the copolymeric materials slightly decreased with the presence of the predominantly hydrophobic 2-ethylhexyl acrylate unit; however, it was little affected with respect to that of PMMA, due to the low proportions of EHA in the copolymers. Hydration degree of the copolymers richer in EHA was around 0.8%, that is, in the order of that presented in commercial intracorneal ring devices. Water contact angle of the copolymers increased up to 79°but in all cases remained lower than values reported for MMA/EHA copolymers of 40/60 to 60/ 40 M ratios, which presented angles around 90° [41] , very close to that of the homopolymer [42] . Values of surface energy of solid for copolymers hardly changed with respect to that of PMMA, and they were higher than 31.0 mN m À1 reported for PEHA [40] , indicating scarce hydrophobic modification on the surface of the Refractive index was measured in the hydrated discs as an approximation to the in vivo situation. Values for copolymers containing 5-10 wt.% EHA did not change with respect to PMMA, and a slight decrease was measured for the copolymer containing 15 wt.% EHA. Then, if we take into consideration the overall properties of the copolymeric materials, it is obvious that their main feature is the lower stiffness without impairing or hardly modifying the rest of the properties compared to PMMA. Thus, for the study of the in vivo biocompatibility the MMA/EHA 95:5 and 90:10 copolymers were selected based on the fact that in both compositions, rigidity diminished appreciably and even became equal to that of animal dehydrated corneas for the copolymer 90:10. Thus, experiments were performed by the implantation of the different acrylic intracorneal ring segments and the clinical outcomes and histological effects were evaluated to determine whether the MMA/EHA copolymers might be considered as an alternative for intracorneal rings. The final period of time was 90 days because the curve of visual recovery and refractional stabilization takes at least three months in average [30] .
Previous studies have explored the effects of intracorneal ring segments on a variety of alternative animal models, selecting rabbits as the animal more suitable for evaluating the safety of the intracorneal rings effects [14, 24, 43] . However, in this study we chose the hen as the experimental animal since, histologically, its cornea resembles human cornea in size and structure: it is thinnest centrally and it thickens toward the periphery. Furthermore, the proportions of hen cornea layer [44, 45] and the fibrillar collagen arrangement [46, 47] are very similar to those of human cornea. Also, in previous experiments the hen was used as animal model to study the wound-healing response after intracorneal ring segment implantation by our group, so that the learning curve was already realized [48] .
The intracorneal ring acts as tissue addition, leading to a flattening in the corneal surface [6] by an arc-shortening effect of the corneal lamellae [8, 9] . In this study, intracorneal ring segment implantation did result in flattening of the cornea and in a significant change in refractive error in both groups, PMMA and MMA/ EHA. The results for the copolymers showed a decrease in the mean average keratometric values, indicating that the central curvature values were significantly flattened after three months compared to the preoperative baseline values. A significant postoperative change in the refractive state, without regression or lost of the refractive effect, was also observed at the last follow-up. These data compared well with previous human reports [4, 27, 30] . In this aspect, the MMA/EHA 90:10 copolymer had greater effect than PMMA or MMA/EHA 95:5 copolymer.
Intracorneal ring segments implantation is associated with a range of complications. The major complication reported was segment migration and extrusion; however, we did not observe the high incidence of ring extrusion, in 19.6% of the eyes, as reported by Kwitko and Severo [13] . The immediate response to intracorneal ring segment involved a localized edema and corneal haze in the incision and channel where the segments were placed, and they disappeared in most cases over time. Approximately between 7 and 30 days after implantation, peri-annelar deposits regularly appear along the inner and outer curvature of the intracorneal ring segments and continue at 90 days in the majority of the eyes [12] . Like humans, most of the hen corneas developed these deposits. The question whether the occurrence of the deposits can be reduced remains unclear.
Corneal tolerance of the different groups was analysed through conventional histology. The wound-healing response around the channel after PMMA rings in this animal model was previously described [48] . Histologically, several findings underline the biocompatibility of both groups, since there was no evidence of an inflammatory response at 30 and 90 days. All the samples showed hypoplasia of the epithelium over the segments and an increased keratocyte density at the edges of the rings, these findings being in agreement with previous works [14, 15] . Several studies reported that the deposits observed on biomicroscopic examination consist of intracellular lipid accumulations and new collagen formation. These deposits were observed in the edges of the segment where increased cell density was present, being a connection between the deposits and the keratocyte activation stimulated by the wound-healing response [14] . The presence of myofibroblast in this zone suggested an active wound-healing process. However, we did not identify lipid deposits since cryopreservation was not performed.
Samini et al. reported [15] a decrease in keratocyte density above and below the segment. In the PMMA group a decrease of keratocyte density was detected in the anterior stroma over the implant; however, this finding was detected in a lesser degree in the MMA/EHA groups. Comparing the MMA/EHA groups with that of PMMA, we observed how in the former groups the edges of the segments presented a more curved surface than that observed with PMMA. This effect might result in the compression forces in the stromal lamellae being distributed throughout a larger stromal surface, causing less amount of physiological stress and triggering lower rotation of the segment. We suggest that this effect can derive from the higher flexibility of the MMA/EHA copolymers compared to PMMA, reflecting an improved in vivo response and allowing a better adaptation.
Conclusions
The biophysical measurements performed in this study and the histological results obtained with PMMA and MMA/EHA copolymers intracorneal ring segments demonstrate a better in vivo response after the implantation of the MMA/EHA 90:10 copolymer, and this was attributed to the higher flexibility of this material. This material might be considered suitable as an alternative for application in clinical practice. Long-term follow-up studies are currently in progress to observe whether this copolymer provides a permanent flattening effect and to analyse its biocompatibility in the corneal stroma. Initial results of the MMA/EHA copolymer segments seem to be very promising.
